
U I  I 
2 

RESEARCH MEMORANDUM 

I LANDING CKARACTERBTICS OF HlGH-SPEED WINGS 
s I 
3Y 

Herbert A. Wilson, Jr., and Laurence K. Loftin, Jr. 

J 

7 -  . 

Langley  Aeronautical Laboratory 
Langley Field, Va. 

"""""" """ " "" "" 

I NATIONAL ADVISORY COMMITTEE I 



I. 

P 

By Herbert A. Wilson, Jr., and Iaurence IC. Loftin, Jr 

SUMMARY 

T h i s  paper was presented a t  the XACA conference on ?Aerodynamic 
Problems of Transonic Airplane Design" at  Ames Aeronautical  Laboratory, 
Moffett  Field, C a l i f  ., November 5, 1947. 

The wings of aircraft  designed  to fu a t  transonic Mach numbers a m  ., 
in general  characterized by thin a i r fo i l  sections and in most cams also 
br low aspect r a t i o  and considerable sweep- The maximum lifts normally 
obtainable wlth such whgs are low. A number of Investigations have 
therefore been  conducted by the mACA Laboratories with the  obJective of 
improving the characteristics of wings of various plan forms appropriate 

L f o r  use i n  high-sped  a i rcraf t .  

The results  obtained in these  investigations,  together with pertinent 
* data on the development of high section l i f t  coefficients with thin sec- 

between the  characteristics of swept and unswept wings has a l so  been 
tions  obtained two-dimension&Q, have been swmmrized. The correlation 

briefly  indicated. The principal  conclusions from this summarization 
are  that max3mum lift coefficients in the neighborhood of 1.3 t o  1.6 
(depending on the  angle of sweep) can be obtained with the b e s t  combina- 
tions of sp l i t   f l aps  and leadfng-edge  devices  investigated and that ,  
insofar as maximum Lift is concerned, the importance of the a i r f o i l  sec- 
tion  decreases a8 the sweep increases and as  the thickness of the a i r f o i l  
decreases. The drag at hi& lift coefficients i s  shown t o  be of great 
importance in determining  the power-off r a t e  of descent or, alternatively, 
the m u a t  of power required for landing. Leading-edge high-lift devices 
are shown in most cases t o  be effective in -roving the aerodynamic 
characteristics of the wlngs in the high-lift range. 

-b The wings of a i rc raf t  designed t o  f ly  at  transonic Mach nmbers are 
I usually characterized bg th in   a i r fo i l   sec t ions  and, Fn most cases, low 

i s t i ce  of such xings and the difficult ies  associated with the predfcticm 
of their   characterist ice have gceatly  complicated the problem of designing 
hi&-speed a i r c ra f t  t o  land at speeds within the  capabili t ies even of 

U aspect r a t i o  and considerable  weep. The poor rnaximm l i f t  character- 

I .  
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hi&* ski l led  pi lots .  Considerable effort   ie  therefore  being  directed 
toward the improvement of the maximum Uft characterist ics of wings 
euitable for high-speed applications. The present  paper f i rs t  reviews 
the developnent of high-lift  devices in two dimensions; second, surveys 
the available  large-scale  data of the  characterist ics of three-dimensional 
wings; and, third,  indicates  briefly  the  correlation between the  charac- 
t e r i s t i c s  of swept and -wept w i n @ -  
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Two -Dimensional Results 

The high-lift  devices  investimted  are in the  following two classes: 
those which are applied t o  the   t ra i l ing  edge of t he   a i r fo i l  and those 
which are applied  to  the  leading edge of the  a i r foi l .   For   a i r foi ls  which 
are only moderately  thin, a section nmxlmun l i f t  sufficiently high often 
can be obtained by the w e  of  a suitable  trailing-edge  device  alone.  For 
thin a i r f o i l s  or f o r  a i r fo i l6  having sharp leading edges, however, the 
large peak negative  pressures near the  leading edge  and the subsequent 
highly  adverse  pressure gradlent came laminar separation  near  the  leading 
edge.  Accordfngly, i& is necessary  to  use 3 leading-edge  device desiEpled 
t o  lower t h i s  peak  and reduce  the  adverse pressure gradient in order t o  
obtain large increases  in  the  section maximum l i f t  coefficient  wlth  these 
a i r fo i l   sec t ions .  

Double s lot ted  f laps  have long been known t o  provide  about  the 
largest   wins in l i f t  of a l l  types of trafling-edge  flaps. In figure 1 
are shown results  obtained with the NACA 65-2u3 a i r f o i l  equipped n i th  
such  a f l ap  and ale0 wfth single  slotted and with sp l i t   f l aps .  (See 
reference 1.) The results herein shown and those f o r  figures 2 t o  4 
have been obtained with a two-dimnsional  setup at a  Reynolds number 
of 6 x I.&, which corresponds  approximately to  that fo r  an airplane 
with a 6-fo~t-chord wing h i d i n g   a t  100 miles per  hour. The relat ive 
merit of the  types of f lap is  clearly shown. The highest maximum l i f t  
coefficient  obtained wae about 2.80 with the double s lot ted  f lap.  The 
values shown for  the two types of s lot ted  f lap  are   for   the optimum loca- 
tions of f l ap  and vane and, if such f laps  were applied t o  a three- 
dimensional swept wing, some further  experimentation might be required 
to   insure   that   the  optimum location remains the same. 

The effects of section  thickness  ratio and the  location of minimum 
pressure a t   t h e  design l i f t  coefficient have been investigated f o r  a 
number of NACA 6-series  airfoils  with double slot ted f l a p s  (reference 2). 
In figure 2 the . le f t   a ide  shows the variation of maximum lift coefficient 
with thiclmess  ratio f o r  a i r f o i l s  with a  desiepl lift coefficient of 0.2. 
The variation is seen t o  be approYSmRtely l inear f o r  both smootpl and 
rough a i r f o i l s  over the  test  range- On the ri&t side,  data  indicating 
the  effect  of  minimum pressure locat ion  a t  the design l i f t  coefficient - 
are shown fir 19-percent-thick  airfoils with a design lift coefficient 
of 0.2. The rnx31r.r~ lift coefficient is seen  to  decrease  Unearly  as  the 
position of  minimum pressure moves rearward. (See curve f o r   m o t h   a i r -  
f o i l s   i n   f i g .  2.) For rough a i r fo i l s ,   the  minimum pressure  location is  
unimportant 

It should be pointed  out  herein that these high maximum l i f t  coef- 
f ic ients   are   a lso accompanied by high negative  pressure peaks a t   t h e  



4 

leading ed-.  Inaemuch as  high  landing speeb are  being  considered  for 
many high-speed a i rc raf t ,  it is altogether  possible  that  maximum lift 
coefficients  different from those shown might be  obtained because of 
Mach number effects  (reference 3 ) .  

The effectiveness of leadling-edge devices in  increasing  the maximum 
l i f t  is shown ip figure 3 .  These results were obtained  with an 
NACA 6 4 1 ~ ~  airfoi l   sect ion equipped with a s p l i t  f lap,  with a nose 
flap of the  type  that I s  hinged  out from the lower surface, and with a 
nom  flap  extending  tangentially from the upper surfaze a t  the Leading 
ed- (reference 4) . It is seen that the maxiram effectiveness of the 
no88 f laps  I s  only realized when they a re   wed   i n  conjunction  with  the 
trailing-edge  flap. Also, the  tangential  type of  f l ap  is seen t o  give 
somewhat be t te r   resu l t s  than the lower surface typq. 

The leading-edge  devices  discussed  herein  are  not the only ones tha t  
could be made effective.  Any leading-edge  device which tends  to  reduce 
the  negative  pressure peak and the adverse  pressure  gradient a t   the   leading 
edge should be effective  in  increasing the maximm lift of a th in   a i r fo i l .  

An indication of what can  be  accomplished on thin biconvex a i r f o i l s  
with  another such device is  shown in figure 4. A droop  nose of 0 . 1 5 ~  and 
a plain  trail ing-edge  f lep of 0 . 2 0 ~  have  been investigated on a biconvex 
a i r f o i l  6 percent thick. (See reference 5.) The hi&eet marimurn l i f t  
coefficient of nearly 2.00 wa8 obtained with the  leading and t r a i l i n g  
f l a p s   a t   t h e i r  optimum deflections of  30° and 60°, respectively. Sub- 
s tan t ia l ly  the same resu l t s  were obtained ulth the  10-percent-thick 
biconvex section and with a 6-percent-thick XACA 64-series section 
between Reynolds numbers of 3 x lo6 and 9 x 106.  Recent t e s t s  of an 
NACA 63-006 a i r fo i l   ind ica te  a favorable scale ef fec t  between Reynolds 
numbere of 9 X lo6 and 25 X 10 6 ; whereas over the same range  the 
biconvex eections ahow no scale   effect .  Theae result8  Indicate  that   at  
6-percsnt  thickness as well a0 a t  about 9- t o  10-percent  thicknese  the 
conventional  section may have some sli@t advantage from a maximum-lift 
standpoint 

Three-Dimemiom1 Results 

The diecusaion has thua far deal t  only Kith two-dimensional resul ts .  
A t  present no adequate method ha8 been developed for  predictivg  the hi&- 
angle-of-attack  characteristics of swept -. Such studies  as  the ones 
by Sivel ls  and Neely (reference 6 )  and SivelLEl (reference 7) in which 
nonlinear  aection  data have been applied  to the calculation of the  char- 
ac te r i s t ics  of unswept  wings and those  described in references 8 and 9 
i n  which l i f t ing- l ine  and l if t ing-surface  theories have been applied  to 
the calculation of swegt-wing charac te r i s t ics   a t  low and moderate angles 
of attack,  together with the  section  data, form a valuable  baclqpund 

h 

J 
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upon d i c h  t o  base conjectures  as t o  the probable effect  of various 
mdifications t o  swept wings. It is necessary however t o  re ly  on large- 
scale experiment f o r  the  final  quantitative  evaluation of the  character- 
i s t i c s  of winga having any considerable amount bf sweep. 

I n  answer t o  the need f o r  an organization of the data  pertaining t o  
the maximum l i f t  characteristics of m p t  win@, Sneberg  and Lange have 
summarized the eristing  data  (reference 10). The principal amphasis i n  
this paper was on the effects of Regnolds number, and the importance of 
ob ta inag  swept-wing r e su l t s   a t   t he   h i aes t   poss ib l e  scale was established- 
Since  the  investigation of reference 10 was made, a nmiber of large 
Reynolds number investigations of the.hi&-lift-range  characteristics of 
wings f o r  high-speed a i r c ra f t  have  been  co-leted in the Langley 19-foot 

essure tunnel,  the Langley full-scale tunnel, and i n  the Ames 40- by 
g - f o o t  tunnel. These investimtions have been closely correlated,  but 
the  configurations have not, in general, been sufficiently  systematized 
t o  allow  the  isolation of the effects of  sweep angle from those of aspect 
r a t io  and taper  ratio.  It is  possible a t  this tFme, however, to draw a 
nuniber of useful  conclusions from these resul ts .  

The information of the  characteristics of three-dfmenaionalwingg 
presented in figures 5 t o  14 is  only 8 very brief summary of the   t o t a l  of 
the  information  that i s  available. The deta i led   t es t   resu l t s  and analysis 
are  contained in references I l  t o  23 and a few other prospective  papers. 

The first effect  t o  be dfscuseed is tha t  of Reynolds number. Fig- 
ure 5 s h m  the manl - l i f t - coe f f i c i en t   va r i a t ion  with Reynolds nmber 
obtained with four  swept WFngs. Generally s p e A g ,  the  effects  are 
small. The m a t  significant  result  is a anal l  increase In the maximum 
l i f t  coefficient between Reynolds numbers of 4.2 x D6 and 5.5 X 106 
f o r  the wing having 42' sweep and HACA 6h1-112 airfoi l  sections.  This 
increase is rather unFmportant i n  itself' but is  accompanied by significant 
improvements in   the  longi tudinal   s tabi l i ty .  Adding standard roughness 
t o  the wing, as shown  by the dashed  curve, decreases  the l i f t  coefficient 
over the  ent i re  range and elimfnates  the  favorable scale lbffect. The 
same wing with  biconvex airfoil   sections  show no scale  effect  within 
the test range, just   as  was the case f o r  the two-dimensional a i r f o i l  
resul ts .  

The WLng with 4 8 O  sweep had lower scale effect even than the 
42O swept wing and the changes e t i l l   o c c w  below a Reynolda number of 
5 x ID6. All of the  results shown hereinafter were obtained above this 
c r i t i c a l  range. 

Inasmuch a8 the experimental information  obtained  herein has been 
obtained  both with and  without  fuselage, it is desirable first t o  examhe 
the  effect  of the  fuselage- on the maximum l i f t  characteristics so that  
both  types of resul ts  can be used later.   Figure 6 showa the resul ts  of 
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a ser ies  of t e s t s  made with a 42' Bwept wing of aspect  ratio 4 wlth a 
fuselage  in  the high-wing, the midwing, and the low-wing locations. The 
fuselage had a re la t ively small effect  on the maximum l i f t .  The drag of 
the  fuselage  likewise is an unimportant factor  in  the  high-lif t-coefficient 
range. The vertical   location of the wing on the fuselage made na differ- 
ence for   the plain-wing resul ts  and in   the  high-l i f t -coeff ic ient  range 
made  no difference  with  the  flapped wing.  The same conclusions do not, 
however, apply t o  the  longi tudinal   e tabi l l ty   character is t ics   a t   the   s ta l l .  
In t h i s  connection a f e w  s tab i l i ty   e f fec ts ,  where they  are of f i rs t -order  
importance, will be pointed  out  during  the  discussion of the  results.  
However, the   s tab i l i ty  of swept  wings in the low-speed ranges is the 
subject of reference 24. 

The next variable  discussed i e   t h a t  of airfoil   section.  Results 
are  shown in figure 7 for   three wings - one wlth 42'  weep, one with 
48' m e p ,  and a 60' delta wing. Airfoils of conventional  section and 
shape are  represented by the NACA 641-D airfoil  sections  (perpendicular 
t o  quarter-chord  line)  in  the first two cases and by the NACA 0015-64 
airfoil   (root  section) in the  third  case. The very thin sections  are 
represented by biconvex sections 10 percent  thick and, In  the case of 
the  delta nlng, are  also  represented by addlng a sharp  leading edge t o  
promote separation.  For  the 42O swept wing, representative of the 
moderate sweep case, it is  seen that the  a i r foi l   sect ion makes  a large 
difference  in  the maximum l i f t  characterist ics.  The decrease in maximum 
l f f t  reeulting from the use of the biconvex or  thin  sections is, l l k e -  
wise, accompanied by extremely undesirable changes i n  the longitudinal 
s t ab i l i t y .  In  the  higher sweep range, represented by the 48' swept  wing, 
the  effects of a i r fo i l   sec t ion   a re  much less marked, and in   the  exbramely 
high sweep range,  represented by the  delta wing, it would appear tha t  
sharp-leading-edge airfoi l   sect ions may have some s l igh t  advantages  over 
the  conventional  sections  although it is suspected that more favorable 
resu l t s  might have been obtained by the   we  of a thinner  conventional 
section. 

Throughout the  investigations summarized herein, sp l i t   f l aps   o r  
plain  f laps of about  20-percent  chord have been used  with the wings t o  
glve  an index of'the  lift-producing  capacity of the wing with t ra i l ing-  
edge high-lift  devices  in  general. 

The results  obtained by applying  eemispan.split  flaps to   t he  
4 2 O  and the 48' swept  wings with NACA &-series airfoi l   sect ions are 
shown in  f igure 8. With the 42O swept wing, 8 l i f t  increment of 0.20 
was obtained which was about  two-thirds of the l i f t  increment due t o  
these   f la  s below the angle for maximum l i f t .  The maximum l i f t  increment 
for   the 48' swept  wing w e  considerably smaller althou@  the increment 
i n  l i f t  below t h e   s t a l l  was about the same as   for   the  42O swept  wing 
with due consideration  taken of the  differences in sweep of the two uings. 
It would appear  fromthese results tha t  the effectiveness of f laps  in 
increasing  the maxlmwn l i f t  fa l ls   off   rapidly  as   the sweep increases. 

t 
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This is in accord  with  the  data  obtained by  McCormack and Stevens in the 
Ames 40- by &-foot tunnel  (reference U). These results indicate that,  
a t  a sweep angle of about 60°, flaps will be ineffective  in  increasing 
the ma- l i f t .  

Also shown i n  th i s  figure are key letters  designating  the  longi- 
tudinal   s tabi l i ty   character is t ics   a t   the  stall f o r  each configuration. 
These le t te rs ,  G f o r  good, M f o r  marginal, and P fo r  poor, will be 
used in   f igures  8 t o  11. A c w e  'of pitching-moment coefficient  against 
l i f t  coefficient which has no abrupt slope changes i n  a positive  direc- 
t ion and wbich e i ther   b reab   in  a negative  direction  or does not change 
a t   t h e   s t a l l  is considered t o  be  good. A pitching-moment curve which 
has  sharp changes in slope  in an unstable  (positive)  direction below the 
s t a l l  o r  which breaks in a posit ive  direction  at   the stall is conaidered 
poor. It must be realized, of course, that   the  tail geometry and loca- 
t ion Wrll also  affect   the   s tabi l i ty  of the  f inal   airplane.  A l l  of the 
wings shown in  figure 8 had poor longitudinal s t a b i l i t y   a t  the s t a l l ,  
ar is ing from t i p   s t a l l i n g  which caused =table   breab.  

The biconvex-wing results are  shown in   f igure  9 .  For  the  case 
of Oo sweep, the increment  obtained framthe  trail ing-edge  f lap i s  very 
large;  but  as the sweep is increased, the l i f t  increment  becmea  progres- 
sively  smaller even though reasonably  large  increments i n  l i f t  coefficfent 
are  produced below the s t a l l .  The fa i lure  of the  flaps t o  give  substantial 
increases in maximum l i f t  coefficient is a  consequence of ea r ly   t i p   s t a l l ,  
and it has  become.quite  evident  that i n  order t o  produce satisfactory l i f t  
characteristics on these wings it will be necessary to  provide  the wing 
t i p  with a leading-edge stall-control  aid  or  high-lift  device. An addi- 
t ional  phenomenon  shown herein is the  beneficial  effect of  sweep  on the 
maxFmum l i f t  coefficient of these thin  sections.  For  the unswept case, 
the maximum l i f t  coefficient of 0.58 measured for the  basic wing is below 
the  section  value of about 0.7 by about the amount tha t  would be calculated 
from standard methods of applying  section data t o  three-dimensional wings. 
As the sweep increases, however, the maximum l i f t  of the wing increases 
and exceeds the  section  value. This resul t  is associated with a strong 
spanwise f low at   the   leading edge of the wing which enables  the f l o w  over 
the bubble of separation at   the   leading edge to   r ee s t ab l i sh   i t s e l f   a t  
higher  angles of attack than f o r  the two-dlmensiorial case  (references 12 
and 13) .  . .  

. .. . 

The longitudinal  stabil i ty  characterist ics of the unewept  wing and 
of the  delta wing are  cod. For  the swept wings, the pitching-moment 
cwves have  a h i @ y  unstable  slope as maxirmun lift is approached; and 
even though the  eventual  break is  in a stable  direction,  the  character- 
i s t i c s  below the  stall   are  sufficiently  undesirable t o  warrant the poor 
classification. 

The results  obtained with leading-edge h i & - l i f t  devices  installed 
on these four  win@ are shown i n  figure 10. Two kLndS of f l a p  have been 
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used - the droop  nose and the extended type with a rounded leading edge 
( f ig .  10) Drooping the nose of the  rectangular wing increased the 
maximum lift coefficient by about 0 40; adding  the  extended  type of nose 
f l ap  gives  an  additional increment of almost 0.30 since, i n   t h i s  case, a 
rounded leading edge is provided for   the airfoil as well as an increase 
in   the  forward camber. These improvements are  additive  to  the  incremnts 
tha t  can be obtained by the  use of trailing-edge  flaps, as shown  by the 
top cu1"ve. A similar  picture is presented  for  ths 42' swept wing, and 
it appears  that once the   t i p   s t a l l i ng  is controlled by the  use of the 
leading-edge  device, relatively  large  increases in the maximum lift can 
be obtained. The two flapped  arrangements shown ( f ig .  10) a re   fo r  
partial-span  leading-edge  flaps. These  arrangements are shown in pref- 
erence t o  arrangements  having a greater spanwise extent of the  leading- 
edge f laps  becauae they have favorable  longitudinal  stability  character- 
i s t i c s ,  whereas some others which give s l i@tly  greater  maximm l if ts  
have unfavorable pitching-moment characterist ics.  On the 48' swept wing 
the  leading-edge droop was a l s o  effective;  but as noted in figure 9, wlth 
the  plain  trailing-edge  flaps  the  greatest maximum l i f t  coefficient 
a t t a inab le   a t  t h i s  sweep was considerably maller. On the  delta wing a 
small increment in maximum l i f t  was obtained by deflecting  the amall  
leading-ed- droop indicated, and an additional small increase  in maximum 
lift coefficient was obtained by deflecting  the  trailing-edge  flap. The 
increment in lift obtained below t h e   s t a l l   f o r   t h i s  arrangament may 
perhaps be useful  for  maintaining a more satisfactory  att i tude  during 
the  landing approach.  For the 42O and 48' swept win@ which had poor 
longi tudinal   s tabi l i ty   a t   the  stall for  the  basic wlng deflecting the 
nose flap had a dis t inct ly   beneficial   effect .  T h i s  is particularly  true 
of the 42' swept-wing ca8e i n  which the addition of the optimum configu- 
ra t ion of nose f l ap  provides  excellent  longitudinal  characteristics. 

The data fram t h i s  figure show that   the  use of an optimum leading- 
edge high-lift  device on any wing having a thin  or  sharp leading-edge 
airfoi l   sect ion wi'll improve significantly both its mxLmum l i f t  char- 
ac te r i s t ics  and its longi tudina l   s tab i l i ty   a t   the   s ta l l .  

Similar  results  for  the wings of NACA 64-eeriea airfoil sections 
a re  shown in   f igure  11. The addition of the nose f lap  to the 42O swept 
wing increased the maximum lift coefficient about 0.20 and made the  xing 
stable at t he   s t a l l .  (See fig. 11.) This lift increment is somewhat 
lower than that obtahed  with  the biconvex wing prfncipally  became  the 
maximum l i f t  of the basic wing is much higher. The addition of s p l i t  
flaps  wve a further increase  in C h x  t o  1.58, s t i l l  maintaining  stable 

longitudinal  characterist ics  at  the s t a l l .  This maximum l i f t  value 
only s l igh t ly   h i ae r   t han  the one ahown in figure 10 f o r  the biconvex 
wing 

The addition of nose and s p l i t  f l aps   to   the  48' swept wing @ve 
smaller  increases than for   the 42' swept  wing, as  w88 noted ea r l i e r  for 
sp l i t   f l aps ,  and,  moreover, the wing a t i l l  remained unstable a t   t h e   s t a l l .  

t -  
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On the  extreme r ight   in   f igure 11 are shown resul ts   that  were obtained 
by the use of boundarg-la er  suction  applied a t   t h e   0 . 2 0 ~ ~  0.40c,  and 
0 -7Oc locations on the 48 ewept wing with  nose  flaps and with  both nose 
and sp l i t   f l aps  The lift increments  obtafned were relatively small but 
the   s tab i l i ty  was greatly improved. The maxirnum lift coefficient of 
almost  1.25  obtained f o r  this configuration is the  highest  thus  far 
obtained  with  thia wing plan form. 

is 

This  paper  has,  thus  far,  discussed only the changes fn the maximum 
Uft produced by these  high-lift  devices. If power-off Landing8 are  to 
be expected of the airplane o r  if the thrust available  durlng  the landFng 
phase is  limited,  the  drag  near mafimum lift is of great importance 
inasmuch as  it determines  the  vertical speed during  the  landing approach. 
It has been found that  a sinkLng epeed i n  excess of about 25 to 30 f ee t  
per second will probably le rd  t o  erratic  landings even on the  part of 
hi&ly  skil led  pilots  (reference 25). This  fact   seem to be relatively 
independent of the  forward  speed at which theL  landing is made. In 
f i p e  12 some lif t-drag  polar curves f o r  various  configurations of the 
42 swept wing have been sharn. Superimposed upon these  curves  are 
contours of the f o m r d  speed  and the  vertical  speed fo r  a parer-off 
gl ide  a t  a wing loading of 40 pounde per sQuare foot. lh order to show 
the  significance of these  forward  speed-sinking  speed charts, a poFnt is 
indicated  that  represents the forward  speed and sinking  speed f o r  a 
reference  airplane f o r  which f l i&t- teet   data  were available  (refer- 
ence 25). This  airplane was of the two-engine medium-bomber class and 
was only landed power off  fn emergency. 

For  the most favorable  configurations,  the  landing  conditions  appear 
to be no worae than  those  for  the  reference  airplane.  Certain changes 
f r o m  these  conditions, however, such  a8 increasing  the wing loading, 
increasing  the  smep, and increasing  the  rou&ness, make this   picture  
appear less favorable. The effect  of the  high  drag due to rou&ness on 
the  basic wing, f o r  example, i s  shown  by the dashed  curve. N o t  only is 
the maximum lift decreased but the sinking speed i n  the high-l i f t  range 
is more than  doubled. Split  flaps,  as  pointed out earlier,  give some 
increase in mxhwn l i f t ,  in t h i s  case enough to reduce the  landing apeed 
by 10 miles per  hour.  This is par t ia l ly   o f fse t  by an  increase of  about 
5 feet  per second in the  sinldng  speed. Leading-edge flaps  alone on 
account of the i r  high drag at the  higher l i f t  do not appear to have any 
particular  advantages. The canibfnation of leading- and trailing-edge 
flaps, however, is quite  effective  in  decreashg  the  landing speed, 
provided that the  increases in the r a t e  of descent or, alternately,  the 
amount of  po-mr required  for landing can be tolerated. 

The corresponding resul ts  f o r  the biconvex wing (f ig .  13) show that, 
in  general,  the  higher  drag of the biconvex sec€dons w i l l  came  their  
ra tes  of descent t o  be higher. Ln thia  case minor improvements only 
resul t  from the  deflection of sp l i t   f l aps  alone; whereae deflecting  the 
nose flaps  greatly  decreases  the  drag with same increase in  the mxirmm 
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l i f t .  Deflecting  the  trail ing-edge  f laps  in combination with  the  leading- 
edge f laps   a l lom speeds  almost a8 low as with conventional  sections  but 
with snmewfiat higher  rates of descent. On account  of the  generally  hiefier t 
r a t e s  of descent shorn for  these aectioI18, power-off landings will be 
d is t inc t ly  more hazardous than for   the  NACA &-series  section King i n  

i 

figure E. 

Correlation of Maximum L i f t  Results 

The problem of calculating the maxim l i f t  of swept wings, as  
pointed  out earlier, has  thus far defied  theoret ical   effor ts .  It is 
possible, however; to   cor re la te  some of the data that have  been obtained 
on swept win@ t o  get a  guide in estimating the rmxiruum l i f t .  In   f i g -  
ure 14 experimental  values of maximum l i f t  divided by the maximum l i f t  
of the wing rotated back t o  zero sweep have been plotted  against sweep 
ang le  A. A plot  of cos2A i s  also shown f o r  comparison. The data o f  
McCormack and  Stevens fram the Ames 40- by &-foot  tunnel  and of Anderson 
from some tests in the old Langley variable-density  tunnel  (references 11 
and 26) in which the sweep of the wing was varied  systamatically were 
par t icular ly   useful   in  forming this  curve.  Experimental  values of C h x  

f o r  the Oo sweep conditione of the 42O swept wing tes ted i n  the 
Langley l9-foot  pressure  tunnel and of the 48O swept wing t es ted   in   the  
Langley ful l -scale  tunnel were not  available, and hence were calcuhted 
by the method of Sive l l s  and Bee* (reference 6 )  which has been shown t o  
give  excellent agreement f o r  unflapped unewept wfnga. The correlation 0 

curve  shorn  a  gradual  decrease i n  maximum lift t ha t  is only  about  one-half 
that   indicated by the s-le coe2A approximtion. 

,* 

In  conclwion, the reeulte of the  investigstions of maxaum l i f t  
characteristics  discussed  herein can  be summarized as follows: 

Maximum l i f t  coefficients of the 'order  of 1.3 t o  1.6, depending upon 
the a n g l e  of sweep,  have been obtained  with the best combinations of 
sp l i t   f l ap8  and leading-edge devices  investisted.  The importance of 
the airfoi l   sect ion has been shown t o  dscrease as the sweep increases 
and a s  the thickness of the  airfoil   decreases,  the characterist ics of 
a l l  section6  tending  to approach the characteriatics of f l a t   p l a t e s   a t  
h i@ sweeps and low aspect  ratios.  The drag is  shown t o  be of great 
importance i n  deteMnining the power-off rate of  descent  or,  alternatively, 
the amount of power required  during the landing. Leading-edge high-l i f t  
devices of the  types  invest is ted  are  extremely effective In reducing  the 
drag and imgroving the s t a b i l i t y   i n  the h i @ - l i f t  range for wings having 

-h 

f 
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